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Abstract
EDM is a useful method for machining hard materials. Particularly, ED-milling using a simple bar or pipe electrode is an 
attractive method to machine 3D cavities. However, it is difficult to suppress the electrode wear completely. On the other hand, in 
cases of WEDM and WEDG it is usually not necessary to consider the electrode wear. We can even use such materials like brass 
wire that wear easily. We developed a new method combining the advantages of ED-milling and WEDM/WEDG. It is named 
WED-milling (wire electrical discharge milling). In this method a wire guide with a hemisphere tip is used. The wire slides along
the groove prepared on the surface of the tip. The wire guide is reciprocated in rotary state and moved along the designed path for 
generating the 3D shape. By this method, 3D machining similar to the mechanical milling with a ball end mill is realized. This 
method is free from the problems such as tool wear or the built-up edge in mechanical milling. In this paper, several machining 
properties of WED-milling are introduced.
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers
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1. Introduction
Electrodes in equipment for electrical-discharge
machining (EDM) wear and can become exhausted
during use. It is therefore necessary to prepare several 
electrodes in advance of machining, especially high-
precision machining. An alternative approach is a 
electrical discharge milling with which simple bar or 
pipe-shaped electrode is used. It is an attractive method 
for machining three-dimensional (3D) cavities. However,
it is not an easy task to compensate the wear of the
electrode completely. Electrode wear in WEDM can be 
negligible by using a continuously fed wire electrode. A
technique for microelectrical discharge machining using 
such a wire electrode was invented by Masuzawa et 
al.[1]. It s shown in Fig. 1.This technique is known as
the wire electro- discharge grinding (WEDG) and it has
been applied in the precision machining [2,3,4].
The WEDG has the advantage of maintaining high
precision throughout the fabrication process.
We have developed a new method combining the 
advantages of electrical discharge milling and WEDG.
(WED milling). It combines simplicity of the 
electrical discharge milling and high-precision of 
WEDG. In the WED 
milling, a bar-shaped wire
guide that is reciprocated in 
a rotary manner is moved
along a designed path to 
generate a 3D shape. By
this method, 3D machining
that is similar to mechanical
 Fig.1 WEDG method
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milling with a ball-end mill is realized. The method is
free from problems such as tool wear or the built-up of 
edge that occur in mechanical milling. Here we
introduce several machining properties of WED milling.
2. Experimental Set up
2.1. Details of the wire guide
In this method, a wire guide with a hemispherical tip
is used. The details of the wire guide are shown in Fig. 2. 
The wire slides along a groove on the surface of guide 
tip. When a 5 mm diameter wire guide was used, the 
diameter of the setting tool was 5.17 mm. The diameter 
of the set tool is that of the guide (groove) plus that of 
wire. The wire electrode is located in the outermost part 
of this setup. Therefore it plays the role of the cutting 
edge in WED milling. Scanning electrical-discharge 
machining is carried out by rotating this wire guide. As a
result, the shape at the tip of the tool becomes identical 
to that of a ball-end mill, so that similar shapes to 
workpiece that can be produced with a ball-end mill can 
be realized by means of EDM.
Fig. 2 Detailed illustration of the wire guide.
2.2. Experimental system for WED milling
The experimental system for WED milling is shown
in Fig. 3. We used a commercial wire electrode
manufactured for WEDM that was fed through the inside
of the main spindle. Used wire is wound up at a fixed 
speed (50 mm/min) by an induction motor. An iso-pulse
generator was used as the power supply for EDM.
With reference to the gap voltage, three axes (x, y and
z) were controlled by using a personal computer. -axis
was controlled independently. -axis
(reciprocation) was supplied by using a noncontact
drive-train mechanism. The dielectric fluid was 
continuously flushed during the machining process.
The machining conditions and materials are shown in 
Table 1. EDM oil (EDF-K2) or deionized water was 
used as the dielectric fluid. The resistivity of the
Wire of diameter 0.3 mm 
were used for the wire electrode. For the purposes of 
comparison with conventional sinking EDM (SEDM), 
we used a solid electrode with a diameter of 3.6 mm.
The tip of this solid electrode was machined into a
hemispherical shape.
3. Feasibility test
As a preliminary experiment, we carried out EDM by 
using the wire guide rotated in a reciprocating manner 
on a workpiece of ZAPREC zinc alloy, which is readily 
amenable to EDM.
Fig. 3 Experimental setup for WED milling
Table 1 Machining conditions and materials under test
3.1. Effects of the duty factor
The machining depth along the z-axis was set to 1 mm 
and the machining time required to reach this depth was
measured. Oil was used as the dielectric fluid. The
results are shown in Fig. 4. The machining time
Dielectric fluid
Oil (EDF-K2) or 
deionized water
(resistivity: 
1M )
Electrode polarity negative
Wire electrode ( =0.3mm) zinc-coated brass
Solid electrode =3.6mm
with a hemispherical tip
copper,
brass
Open circuit voltage: ui 250 V
Discharge current: ie 11.5 A
Discharge duration: te 2
Duty factor: 2,4,10, or 20 %
Average working voltage: U 200 V
Reciprocating rotation angle 360 °
Reciprocating rotation cycle 1 Hz
Wire feeding speed 50 mm/min
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decreased with increasing duty factor. Appearances of 
the machined cavities are shown in Fig. 5. When the 
duty factor was 10% or more, radial saw shape damage 
appeared on the machined surface. However, even when 
such damage appeared, when duty factor is decreased,
damage is recovered. When radial damage occurred, the
surface quality could be improved by applying finish
machining with a smaller duty factor. Since it is not 
necessary to consider electrode wear in WED milling,
a
Fig. 4 Effect of the duty factor (in EDM oil)
Fig. 5 Workpiece appearances after machining (in EDM oil)
3.2. Deep-hole machining exceeding the setting tool 
radius
A deep hole was produced by using a guide with a
setting tool diameter of 5.17 mm (radius: 2.585 mm).
The machining depth was set to 8 mm. The hole was
drilled to a depth of 7.9 mm by rough machining (duty 
factor 20%) and the final 0.1 mm was achieved by 
machining at the reduced 4% duty factor.
A cross-sectional photograph of the machined part is
shown in Fig. 6. No particular problem was encountered
when machining the hole that was deeper than the radius
of the tool.
Fig. 6 Deep-hole machining with a setting depth of 8 mm (in EDM oil)
3.3. Effects of dielectric fluid
In general, oil or deionized water is used as dielectric
fluid for EDM. In SEDM using a solid electrode, oil is 
used as the dielectric fluid. If machining conditions are
chosen appropriately, electrode wear can be suppressed 
and practical machining is possible. However, the 
inflammability of oil is an issue. On the other hand,
deionized water is used in WEDM. Since there are no
worries about fire in this case, automated operation 
overnight is possible. In comparison with cutting or 
grinding, the efficiency of machining by electrical
discharge is often low and it is therefore desirable to
operate for long time automatically.
There has been some research on the use of the water 
as a dielectric fluid in SEDM [5]. However, the high
electrode wear remained as an issue. We therefore 
examined the use of deionized water as the dielectric
fluid in WED milling. The machining depth was set to 1
mm, and the machining time required to reach this depth
was measured.
The workpiece appearances after machining are 
shown in Fig. 7. Radial damage on the machined surface
did not appear even when the duty factor during
processing was 20%. However, the central area of the
surface of the machined area showed some discoloration,
probably as a result of electrolysis. 
The results of machining time are shown in Fig. 8.
The machining time with deionized water as the working
fluid was longer for each of the duty factors that we 
examined.
Fig. 7 Workpiece appearances after machining (in deionized water)
Fig. 8 Effect of the dielectric fluid
3mm.2 4 10 20D.F.
3mm
3mm.2 4 10 20D.F.
Cut
Machining depth 8mm
3mm.
Machining time:120min
ny range is usable for finish machining.
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In this study, the conditions used for machining with
deionized water as the working fluid were identical to 
those that we used with kerosene, so the maximum rate 
of material removal with deionized water as the
dielectric fluid is not necessarily low and our results do
not necessarily rule out the use of deionized water as a
dielectric fluid. If a power supply is optimized when
deionized water is used for dielectric fluid, it will be
improved.
As a whole, we believe that it is possible to use 
deionized water as the dielectric fluid for WED milling.
4. Comparison With Conventional Electrical 
Discharge Machining With a Solid Electrode
A cemented carbide (hardness 1900 HV) was chosen
as a workpiece for comparison of WED milling with
conventional EDM using a solid electrode. For WED
milling, machining in a hemispherical shape to a depth 
of 1 mm was carried out by using the wire guide of a
setting tool of diameter 3.27 mm. For comparison,
conventional EDM was performed by using a solid
electrode of diameter 3.6 mm with a hemispherical tip.
Deionized water was used as the dielectric fluid. The 
workpiece appearances after machining and the cross-
sectional profiles are shown in Fig. 9. In conventional
EDM using a solid electrode, the electrode loses shape 
during machining as a result of electrode wear. On the 
other hand, when machining was performed by the WED
milling method, there was no error caused by the
electrode wear.
Fig. 9 Surface conditions after machining and cross-sectional shape 
profiles (in Deionized water)
5. Application test
Machining of more complicated shapes was tried in 
cemented carbide alloys. Examples of such machining
are shown in Figs. 10 and 11. Shape machining to
produce a die for a fly-eye lens is shown in Fig. 10; the 
machining time was 320 min.
A trench machined to a depth of 0.5 mm with 10 mm 
scanning is shown in Fig. 11; the machining time in this
case was 40 min.
Fig. 10 Example of shape machining to produce a die for a fly-eye lens
Fig. 11 A trench machined by WED milling.
6. Summary
We have developed a new type of EDM, WED
milling, that uses a wire guide with reciprocating 
rotation. After carrying out the machining tests for basic 
shapes and for some advanced applications, the 
feasibility of this method in 3D cavity production was
confirmed. The new method, when applied in
conjunction with the numerical control system, is 
expected to become a powerful tool for machining 3D
cavities with high precision. However, in order to 
realize high precision machining, further development of
mechanical accuracy and study on the processing
conditions such as the gap width will be required.
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